In a Z-core sandwich panel, the shear stiffness of the sandwich panel in the weak direction which is perpendicular to the placement of the Z-cores is much smaller than the bending stiffness because the hollow section between the two facing plates cannot sustain shear action. Because of this fact, the shear deformation of a Z-core sandwich panel under bending in the weak direction cannot be ignored. Although the flexural deformation of a Z-core sandwich panel can be calculated simply from beam theory, the shear deformation is much more difficult to calculate due to the mutual action between the facing plates and the Z-core stiffener. Considering the contact between the Z-core flanges and the facing plates, the shear deformation of a typical segment in a Z-core sandwich panel is analyzed based on compatibility conditions. By using Castigliano's second theorem, the equations for calculating the deflection caused by shear action of a Zcore sandwich panel under bending in weak direction are obtained. The overall deflection of the Z-core sandwich panel is superposed by the deflections caused by flexural and shear actions respectively. The accuracy of the presented equations for calculating the deflection of a Z-core sandwich panel is finally verified by comparing the predicted results with experimental results reported in corresponding reference. It is found that the predicted results from the presented equation agree quite well with experimental results, which shows the reliability and accuracy of the proposed equations.
INTRODUCTION
A steel sandwich panel is consisted of two facing plates and a core between them. This structure has high flexural stiffness, light weight, and especially it has high resistance to dynamic and blast loads. Due to these advantages, it is widely used in ship and offshore engineering, such as ship and offshore platform decking, or double-skin vessels. It is also potential for this structure to be used in building and constructional industries. Combing with light weight materials, such as aluminum, the sandwich panels can be also used in terrestrial and space engineering.
For a steel sandwich panel, different types are classified according to the cores. Such commonly used types include web-core, C-core, Z-core, X-core, V-core and truss-core etc. The cores are placed generally in a single direction, which causes the sandwich panel of different stiffnesses in the two length directions. In the direction of the core placement, the bending stiffness, the shear stiffness and the torsion stiffness are all high. However, in the direction perpendicular to the core placement, or so-called transverse direction, the shear stiffness is much weaker. The difference of the mechanical properties of a sandwich panel in two directions makes it difficult to analyze this structure theoretically because it is essential to be a composite structure. In the literature, many efforts have been made to simplify a sandwich panel to be an equivalent orthotropic thick plate based on providing the appropriate solutions of some fundamental structural *Address correspondence to this author at the School of Civil & Environmental Engineering, Nanyang Technological University, Nanyang Avenue, Singapore 639798; Tel: +6565923074 Fax: +6583847546 E-mail: ChenChang@ntu.edu.sg properties. Such early representative work was conducted by Libove and Batforf (1948) [1] , and Libove and Hubka (1951) [2] . Simplifying a 3D sandwich panel into a 2D equivalent plate, it is necessary to give accurate solution of some elastic constants such as the bending stiffnesses in two directions, the twisting stiffnesses and the shear stiffnesses in two directions. Libove and Hubka (1951) derived the elastic constants for sandwich panels with a continuous corrugated core based on the assumption that the cross section of the core-stiffeners is symmetrical about a vertical plane. Later on, many researchers paid much effort on deriving accurate solutions of these elastic constants, such as the work reported in Refs. [3] [4] [5] [6] [7] [8] . Based on these closed-form solutions of the elastic constants, the static behavior of sandwich panels can be analyzed theoretically and numerically. Cheng et al. (2006) [9] evaluated the accuracy of some elastic constants of sandwich panels with various cores by using finite element analysis. Chang et al. (2005) [10] studied the bending behavior of corrugated-core sandwich panels by using Mindlin-Reissner plate theory. Romanoff et al. (2006 [11] [12] [13] analyzed the bending behavior of web-core sandwich beams by using the solutions of elastic constants. Buannic et al. (2003) [14] also investigated the behavior of corrugated core sandwich panels by using finite element method.
In this paper, Z-core sandwich panel under bending in weak direction is studied. The bending behavior of the Zcore sandwich panel is then assessed from the load versus deflection relationship. In calculating the deflection, a simplified theoretical analysis for deriving the shear deformation is conducted, and closed form equations for calculating the deflection of Z-core sandwich panels are presented. The accuracy of the derived equations is also verified.
THEORETICAL ANALYSIS Typical Segment in a Z-Core Sandwich Panel
As shown in Fig. (1) , a Z-core sandwich panel is consisted of a series of Z-core stiffeners and two facing plates, which are called top facing plate and bottom facing plate respectively. The Z-core stiffeners are connected to the top and bottom facing plates by using laser spot weld or selftapping screws. Generally, the Z-core stiffeners are placed only in one direction, as it is shown in Fig. (1) that the Zcore stiffeners are placed along x-axis. Due to this reason, the sandwich panel has different stiffnesses in x-and ydirections. It is easy to see that the direction in y-axis is the weak direction due to lack of strengthening of the Z-core. As the facing plates are mainly subjected to bending action and the Z-core stiffeners are used to resist the shear action, the shear stiffness in the weak direction is definitely weaker. If a Z-core sandwich panel is subjected to uniform loading, a typical segment as shown in Fig. (2) can be isolated to analyze. It is assumed that each segment in a Z-core sandwich panel has similar deformation property to its adjacent one, or each segment has same mechanism in deforming. This assumption makes it reasonable that a representative typical segment as shown in Fig. (2) can be studied, and the deformation calculation of this segment can be also applicable for other segments. In Fig. (2) , the length of the top and the bottom facing plates of the segment is denoted by s. This length is also identical to the distance between any two adjacent C-cores. The distance between the mid-plane of the top and bottom facing plates is denoted by h p . Similarly, h c is used to represent the distance between the mid-planes of the two flanges of the Z-core. The web of the Z-core stiffener is located in the mid-point of the facing plates, and the position of the connection between the facing plates and the Z-core are described by l a , l b , l c and l d respectively. It is noted that the segment is still itself if it is rotated by 180 o l a = l b and l c = l d . However, the segment in Fig. (2) represents a more general model. For brevity yet more practical, the thicknesses of the top and the bottom facing plates are assumed to be same, and it is denoted by t p . The thickness of the Z-core, which has a constant value, is denoted by t z . Fig. (2) . Typical segment in C-core sandwich panel.
If a Z-core sandwich panel is subjected to bending load, the panel has no axial forces in any cross section in thickness direction. Therefore, only shear force and bending moment exist in the cross section. In the weak direction, the bending moment is assumed to be replaced by a couple of forces at the two facing plates, as shown in Fig. (3) . However, the bending moments at the left and the right ends of the segment may be different in general case. It is assumed that the bending moments at the left end and at the right end are M and M+ΔM respectively. M is replaced by an equivalent couple of forces N and M+ΔM is replaced by a couple of forces N+ΔN. The following equation can be obtained
Eq. (1) also indicates that the following relationship exists
The shear forces at two ends of the segment, however, are same. The shear force at each end is sustained by the top and the bottom facing plates. It is assumed that the shear force at each end is V. If the directions of the shear forces at two ends of the segment are defined as shown in Fig. (3) , contact will exist at the ends of the flange of the Z-core stiffener. The contact forces are denoted by F c1 and F c2 respectively. Due to the contact problem, the shear force sustained by the top facing plate is not equal to that sustained by the bottom facing plate. It is assumed that the shear forces distributed to the top and the bottom facing plates are V/2-ΔV and V/2+ΔV respectively. To make the segment in equilibrium, the following equation must be satisfied
Eq. (3) can be simplified to the following equation
Then N ! can be determined from the following equa- Fig. (3) . Equilibrium of segment in weak arrangement.
However, the contact points are different if the shear forces at the two ends are defined as shown in Fig. (4) . Fig. (4) . Equilibrium of segment in strong arrangement.
(a) weak arrangement (b) strong arrangement If the shear force V and the bending moments M and M+ΔM are known, only three unknowns in the segment shown in Fig. (3) or in Fig. (4) are necessary to be calculated, and they are F c1 , F c2 and !V . The closed-form solutions of the three unknowns should be obtained from compatibility conditions between adjacent segments.
Compatibility Conditions Between Adjacent Segments
The compatibility conditions of the typical segment in weak arrangement can be shown in Fig. (6) .
The following two assumptions are made:
(1) There is no relative displacement between the facing plate and the Z-core flange at contact points. This assumption is meaningful since there will be no separation between any contact points due to compression action. This assumption will produce the following two equations:
(2) The relative displacement between the top facing plate and the bottom facing plate should be equal at the two ends of the segment. The following equation must be satisfied according to this assumption
For the segment in strong arrangement, similar compatibility conditions can be assumed except the positions of the contact points are different.
Eqs. (6) Fig. (6) . Compatibility conditions.
Compatibility Equations
As can be seen from Eqs. (6)- (8), the compatibility conditions are essentially to calculate the relative displacement at some critical positions. This can be done by using Castigliano's second theorem. To do so, the moment diagram of the segment in equilibrium as shown in Figs. (3) - (4) is firstly drawn. For brevity, the bending moment M t can be divided into several parts:
Where 
where
( ) means the moment diagram by letting F c1 = 1 and F c2 = 0 ; E is the elastic modulus of the steel material, I is the second moment of area about the mid-plane.
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is the ratio of bending stiffness of the Z-core stiffener and the facing plates about their respective mid-plane in thickness direction, i.e. for unit width plate along x-axis, I z = t z 3 / 12 and I = t p 3 / 12 .
Similarly, the compatibility condition at the contact point between the bottom facing plate and the bottom Z-core flange can be calculated from the following equation
where Fig. (9) . From Eq. (7), the following equation can be obtained
Compatibility condition Eq. (8) can be transformed into the following format
Similarly, using the moment diagram M b 1 ( ) as shown in Fig. (10) , the following equation can be obtained as well
Substituting the above equation into Eq. (14), the following equation can be obtained
where Fig. (10) . Moment diagram.
From Eqs. (11), (13) and (16), it is easy to find that the three unknowns F c1 , F c2 and !V can be calculated once the value of shear force V at two ends of the segment is known. The steps can be generalized as follows (1) From Eq. (16), the value of V ! can be calculated when the value of shear force V is known.
(2) Substituting the values of V and V ! into Eqs. (11) and (13), the values of 1 c F and 2 c F can be obtained.
Strong Arrangement
Using the same method, the equations for calculating the three unknowns F c1 , F c2 and
can also be obtained. The detailed calculating process is not repeated, and the derived equations are listed as follows
In Eq. (19), the expressions of the constants are listed as follows:
2 ;
Shear Deformation in Vertical Direction
After the values of the unknowns can be calculated, the shear deformation of the segment shown in Figs. (3) and (4) can be analyzed. To calculate a Z-core sandwich panel under bending, only the deformation in vertical direction is analyzed, which is shown in Fig. (11) . The shear deformation in vertical direction, Δ s , of this segment is calculated from the following equation Fig. (11) . Shear deformation of a segment.
To calculate Δ s , a moment diagram M as shown in Fig.   (12) is generated. Then Δ s is obtained from the following equation
1 1 1 1 Fig. (12) .
If a Z-core sandwich panel is consisted of n typical segments, then the total vertical displacement of the sandwich panel, w S , is calculated from the following equation
As the facing plates and the Z-core stiffener in bending behave in a plane strain state, the elastic modulus E in all above equations should be replaced by E * , and
where v is Poisson's ratio.
Bending Deformation in Vertical Direction
For a Z-core sandwich panel under bending in weak direction, the bending deformation can be calculated simply from beam theory. However, the second moment of area of the Z-core sandwich panel in weak direction, I s , is calculated from the following equation
Eq. (25) is obtained based on the assumption that the bending moment is sustained by the top and the bottom facing plates while the Z-core stiffeners do not bear any bending moment.
CASE STUDY Verification Through Experimental Results
To verify the presented method in calculating the vertical deformation of Z-core sandwich panels under bending in weak direction, an experimental model reported by Fung and Tan (1998) is used to assess the accuracy of this method. The basic dimensions of the Z-core sandwich panel can be found in Fig. (13) . The panel is 495 mm in width and 2000 mm in length, with 16 Z-sections as core stiffeners at a nominal spacing of 130 mm. The facing plates and the Z-sections are connected through self-taping screws. The other dimensions can be found in Table 1 . Ec (N/mm 2 ) 207500
The panel is placed on two roller bearings at the ends to simulate an ideal simply supported boundary conditions. The supporting centres of the rollers are assumed to be at the point just under the web of the Z-core stiffener. The panel is subjected to a line load at the midspan, and thus it is a threepoint bending model, as shown in Fig. (14) . In experimental test, this panel was tested in its weak arrangement. The relationship between the applied load and the deflection at the midspan is obtained from test measurement. Fung and Tan (1998) presented the relationship between the applied load P and the deflection at the midspan w as follows (1) for the first specimen in weak arrangement P = 45.96w (26) In Eq. (26), the units of P and w are N/mm and mm, or kN/m and m respectively.
(2) for the second panel in strong arrangement P = 193.96w (27) The overall deflection of each Z-core sandwich panel under three-point bending is consisted of two parts: the deflection caused by bending w b and the deflection produced by shear w s . The bending deflection is calculated from the following equation.
where L = 2000 mm and 1110 for the first and the second Z-core sandwich panels respectively. Fig. (14) . Loading scheme on the Z-core sandwich panel specimen.
Using Eqs. (23) and (24), the shear deflection w s can also be calculated. The values of n in Eq. (24) for the two panels are 7.5 and 5.5 respectively. The values of n are not 8 and 6 for the first and for the second panels respectively because the supporting positions at two ends of the panels are located at the web of the Z-core stiffeners, as can be seen in Fig.  (14) , which makes the end Z-core stiffener only has a half length. The predicted total deflection of the panel, w, is the sum of w b and w s . If a line load with values of 0.928 N/mm and 3.92 N/mm is applied to the first and the second panels, the deflections at the midspan of the sandwich panels are generalized in Table 2 . w e in Table 2 denotes the experimental value of the deflection at midspan. From Table 2 , it can be seen that the deflection of the two Z-core sandwich panels is mainly dominant by the shear deformation while the bending deflection is much smaller. The predicted result of the relationship between the load and the displacement at the mid-point of the panel can be calculated from the presented equations, and they are generalized as follows (1) Figs. (15a) and (15b) show the comparison of the load versus displacement of the two panels between predicted and experimental fitting results. The comparison shows the presented equations can provide reasonably good estimation for the bending behaviour of Z-core sandwich panels. A relative error between the results calculated from the theoretical method in this study and the experimental measurement is defined as follow e = P e ! P P "100%
From Eq. (31), the calculated relative errors are -7.4%, and -6.5% respectively. The values of the errors for the two models are both negative, and it means the predicted load is smaller than the experimentally measured load. Therefore, the predicted results are safe. It can be seen that the values of the errors are acceptable, and the accuracy and reliability of the presented equations are ensured.
CONCLUSIONS
The bending behavior of Z-core sandwich panel is studied, and equations for predicting the shear deformation of Zcore sandwich panel in weak direction with weak and strong arrangements are derived. Through case study, the following two conclusions can be made:
